Introduction {#Sec1}
============

If the solution to the gauge hierarchy problem is based on a new symmetry and not on anthropic considerations (for a review see \[[@CR1]\]) or on special evolutions of the scalar sector in the early universe \[[@CR2]\], new physics at the TeV scale is expected. In most of the existing models new degrees of freedom carrying flavour quantum numbers are present at the TeV scale, representing potential sources of flavour changing neutral currents (FCNC) and CP violation. So far both direct searches at the LHC and indirect searches in the context of precision tests and flavour physics have brought no conclusive evidence of new physics at the TeV scale. The negative outcome of the search for new physics in the flavour sector is particularly intriguing. Indeed a scale of new physics $\documentclass[12pt]{minimal}
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                \begin{document}$$10^5$$\end{document}$ TeV \[[@CR3]\] is required by an effective operator analysis to preserve the good agreement between observations and theory predictions, unless the new flavour sector is highly non-generic and involves specific mechanisms to suppress FCNC and CP violation at the desired level.

The latter possibility is empirically supported by the huge hierarchies among fermion masses and fermion mixing angles, which can only be explained by some special dynamics. An effective mechanism suppressing FCNC and CP violation can be introduced by observing that in the electroweak theory the symmetry of the flavour sector is broken only by the Yukawa interactions. Minimal flavour violation (MFV) \[[@CR4]\] is defined by the assumption that, even including new physics contributions, Yukawa couplings are the only source of such symmetry breaking. In MFV flavour effects from new physics are controlled and damped by the smallness of the fermion masses and mixing angles. In this framework data allow $\documentclass[12pt]{minimal}
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                \begin{document}$$\Lambda _{\mathrm{NP}}$$\end{document}$ to be considerably smaller, close to the TeV scale. MFV provides a useful benchmark for the discussion of the flavour sector, but it does not emerge as a unique framework from the known mechanisms aiming to explain the observed fermion spectrum (for a review see \[[@CR5]\]), or from the known models providing a solution to the gauge hierarchy problem.

In this paper we reconsider the possibility that both the origin of fermion masses and the suppression of FCNC and CP violation are due to the mechanism of partial compositeness (PC) \[[@CR6]\], as realised in the context of composite Higgs models (for reviews see \[[@CR7], [@CR8]\]), and we perform a detailed analysis of flavour and CP violations in the leptonic sector. According to PC there are no direct couplings between the elementary fermions and the Higgs doublet. The Higgs doublet has potentially strong couplings to a composite sector, including, in the simplest case, a set of vector-like fermions with masses of the order of the compositeness scale. The SM fermions are mostly elementary and get their masses through mixing terms with operators of the composite sector, often modelled by vector-like fermions.

An appealing realisation of this idea involves anarchic Yukawa couplings in the composite sector. In this case the observed hierarchies between SM fermion masses and mixing angles are entirely due to the elementary--composite mixing terms. This is of particular interest, especially for the lepton sector, since the known pattern of neutrino masses and mixing angles as extracted from neutrino oscillation experiments \[[@CR9]\] seems to support the idea of an underlying anarchic dynamics \[[@CR10], [@CR11]\]. Higher-dimensional operators describing low-energy FCNC and CP violations are depleted by both inverse powers of the compositeness scale and by the mixing terms, thus realising an efficient suppression mechanism known as RS-GIM \[[@CR12]\]. Quantitative studies in concrete models show that in the anarchic scenario limits from CP violation in the quark sector lead to $\documentclass[12pt]{minimal}
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                \begin{document}$$\Lambda _{\mathrm{NP}}>10$$\end{document}$ TeV \[[@CR8]\], while the existing bound on the rate of $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu \rightarrow e \gamma $$\end{document}$ results in $\documentclass[12pt]{minimal}
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                \begin{document}$$\Lambda _{\mathrm{NP}}>25$$\end{document}$ TeV \[[@CR8]\]. This strongly disfavours the anarchic scenario when the compositeness scale is of the order of 1 TeV. It is also known that PC at the TeV scale can satisfy the bound from flavour physics if Yukawa couplings in the composite sector are non-generic. For instance if we assume that such couplings are universal and, at the same time, that the only irreducible sources of flavour symmetry breaking are proportional to the SM Yukawa couplings, we reproduce exactly the MFV scheme \[[@CR13]\].

In this paper we focus on the lepton sector. Several studies of lepton flavour violation (LFV) and CP violation in the lepton sector of composite Higgs models have been realised. Most of the analysis have been performed in the context of five-dimensional (5D) models with a warped space-time metric, weakly coupled duals to strongly coupled four-dimensional conformal theories, believed to provide a calculable framework for composite Higgs models. Explicit computations with anarchic Yukawa couplings have been carried out in Refs. \[[@CR14]--[@CR20]\]. They get a lower bound on the masses of the first Kaluza--Klein modes of order 10 TeV. These bounds can be relaxed by requiring discrete \[[@CR21]--[@CR24]\] or continuous \[[@CR25]--[@CR27]\] flavour symmetries. The original motivation for discrete symmetries, tailored to approximately reproduce the tri-bimaximal mixing pattern in the lepton sector, has weaken after the precise measurement of the $\documentclass[12pt]{minimal}
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                \begin{document}$$\theta _{13}$$\end{document}$ angle and the models considered in \[[@CR21]--[@CR24]\] require considerable corrections now. Continuous non-abelian symmetries in the composite sector, broken by the elementary--composite mixing terms have been analysed in detail, especially in relation to FCNC and CP violation in the quark sector \[[@CR28]--[@CR32]\]. A review on flavour physics in 5D models with warped space-time metric can be found in Ref. \[[@CR33]\]. LFV and CP violation in the lepton sector have been investigated also in SM extensions with extra vector-like heavy leptons \[[@CR34], [@CR35]\] that can mimic the PC scenario, at least as far as the contributions from heavy fermions is concerned.

In the present work we recast the framework of PC in terms of a generalised flavour symmetry and a suitable set of relevant spurions, much along the lines of Refs. \[[@CR12], [@CR28], [@CR32], [@CR36]\]. This involves a certain degree of model dependence, since both the flavour symmetry and the spurions are determined by the specific set of composite leptons that we choose by following the criterion of minimality. In particular we work in the limit of vanishing neutrino masses, turning off the potential effects related to massive neutrinos. It is well known that within PC, LFV and CP violation in the lepton sector are present also in the limit of massless neutrinos. By assuming that the set of adopted spurions are the only irreducible sources of flavour and CP violation, we can construct an exhaustive list of Wilson coefficients related to dimension six operators describing LFV and CP-violating processes. At variance with the previous studies, we include for the first time all Wilson coefficients containing up to four powers of the spurions describing the elementary--composite mixing and we discuss their role in deriving the bounds on the compositeness scale. We also provide a complete list of the LFV Wilson coefficients that can be constructed in the limit of vanishing "wrong" Yukawa couplings. "Wrong" Yukawas in the composite sector are allowed by gauge symmetry, but they do not contribute to SM lepton masses, at the leading order. They directly contribute to the dipole operators describing radiative decays of the charged leptons and setting such Yukawas to zero can relax the bounds on the compositeness scale.

The general scope of our analysis is to check whether there are alternative solutions, beyond MFV, to reconcile PC at the TeV scale with the existing bounds on LFV and CP violation. We also wish to verify if the anarchic scenario is completely ruled out or not. By exploiting the effective Lagrangian of our construction and the existing experimental bounds we estimate the limits on the new physics scale in several scenarios, where our spurions are subjected to a series of increasingly restrictive conditions. We confirm that in general the anarchic scenario is not compatible with new physics at the TeV scale and we provide examples of how PC can be realised at the TeV scale, without necessarily resorting to MFV.

In the second part of our paper we consider as an explicit model realisation of the flavour symmetry and its breaking pattern the so-called two-site model, first introduced in Ref. \[[@CR37]\]. Such a realisation contains explicitly vector-like leptons, implementing partial compositness in the lepton sector, as well as a set of spin-one resonances. By integrating out the states at the compositness scale, we evaluate the Wilson coefficients of the relevant LFV and CP-violating dimension six operators and we compare the results with those of the general spurion analysis.

Our paper has the following plan. In Sect. [2](#Sec2){ref-type="sec"} we define the flavour symmetry and the set of spurions of our setup and we characterise the Wilson coefficients of the dimension-six operators relevant to LFV and CP violation in the lepton sector. In Sect. [3](#Sec8){ref-type="sec"} we perform a phenomenological analysis and we study the bounds on the new physics scale obtained by making different types of assumptions on the available spurions. In Sect. [4](#Sec9){ref-type="sec"} we recall the main aspects of the two-site model, which explicitly incorporates the features of the flavour symmetry breaking defined in Sect. [2](#Sec2){ref-type="sec"}. In Sect. [5](#Sec10){ref-type="sec"} we collect our results on the dimension six operators obtained from the model by integrating out heavy fermions and heavy gauge vector bosons. In Sect. [6](#Sec15){ref-type="sec"} we present a phenomenological analysis of LFV in the two-site model. Finally we draw our conclusion. In Appendix B we show the result of our computation of the full one-loop contribution to the electromagnetic dipole operator in the two-site model.

Effective field theory for lepton flavour violation {#Sec2}
===================================================

As a first step, we have to choose the flavour symmetry group of our effective theory and its breaking terms. Throughout this paper we will work in the limit of massless neutrinos. The leptons are those of the SM, that is, three copies of $\documentclass[12pt]{minimal}
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                \begin{document}$$\tilde{e}$$\end{document}$. In MFV the flavour symmetry group of the leptonic sector is $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{SU}(3)_\ell \times \mathrm{SU}(3)_{\tilde{e}} $$\end{document}$, corresponding to independent transformations made on $\documentclass[12pt]{minimal}
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                \begin{document}$$\tilde{e}$$\end{document}$. In our analysis we will instead assume a PC scenario. Charged leptons have no direct coupling to the Higgs doublet and acquire masses via mixing with vector-like heavy fermions. In this framework it is natural to assume as flavour symmetry group (focussing only on the non-Abelian part):$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} G_f&= \mathrm{SU}(3)^6 \nonumber \\&= \mathrm{SU}(3)_\ell \times \mathrm{SU}(3)_{\tilde{e}} \times \mathrm{SU}(3)_{L_L} \times \mathrm{SU}(3)_{L_R}\nonumber \\&\quad \times \mathrm{SU}(3)_{\tilde{E}_L} \times \mathrm{SU}(3)_{\tilde{E}_R} , \end{aligned}$$\end{document}$$under which the lepton fields rotate in generation space in the following way:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \ell _{Li} \rightarrow (V_\ell )_{ij}\ell _{Lj} , \quad \tilde{e}_{Ri} \rightarrow (V_{\tilde{e}})_{ij}\tilde{e}_{Rj} , \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
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                \begin{document}$$V_{\tilde{e}}$$\end{document}$ are elements of $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{SU}(3)_{\tilde{e}}$$\end{document}$, respectively. In other words, the SM leptons only transform under the $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{SU}(3)_\ell \times \mathrm{SU}(3)_{\tilde{e}} $$\end{document}$ component of the flavour group $\documentclass[12pt]{minimal}
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                \begin{document}$$G_f$$\end{document}$, and they are invariant under the remaining $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{SU}(3)^4$$\end{document}$ factor. Such a factor will be used to specify the spurions of our effective field theory. We introduce three sets of spurions. We need spurions $\documentclass[12pt]{minimal}
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                \begin{document}$$(\Delta ,\tilde{\Delta })$$\end{document}$ that mix SM leptons with heavy fermions. Moreover, we allow for spurions $\documentclass[12pt]{minimal}
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                \begin{document}$$(m,\tilde{m})$$\end{document}$ describing the masses of the heavy fermions in the limit of unbroken electroweak symmetry. Finally the heavy fermion sector can interact with the Higgs doublet and this implies additional spurions $\documentclass[12pt]{minimal}
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                \begin{document}$$({Y^{*}_L},{Y^*_{R}})$$\end{document}$. Notice that this set of spurions is the most general one compatible with our flavour group $\documentclass[12pt]{minimal}
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                \begin{document}$$G_f$$\end{document}$ and with the assumption that the SM Higgs doublet directly couples only to the heavy sector. From these considerations the following transformation properties for our spurions can be deduced:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \begin{array}{cc} m &{} \rightarrow V_{L_L} m V_{L_R}^\dagger , \\ \tilde{m}&{} \rightarrow V_{\tilde{E}_L} \tilde{m} V_{\tilde{E}_R}^\dagger , \end{array}&\begin{array}{cc} \Delta &{} \rightarrow V_\ell \Delta V_{L_R}^\dagger , \\ \tilde{\Delta }&{} \rightarrow V_{\tilde{e}} \tilde{\Delta }V_{\tilde{E}_L}^\dagger , \end{array}&\begin{array}{cc} {Y^*_{R}}&{} \rightarrow V_{L_L} {Y^*_{R}}V_{\tilde{E}_R}^\dagger , \\ {Y^{*}_L}&{} \rightarrow V_{L_R} {Y^{*}_L}V_{\tilde{E}_L}^\dagger , \end{array} \end{aligned}$$\end{document}$$where it is evident from our notation which $\documentclass[12pt]{minimal}
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                \begin{document}$$G_f$$\end{document}$ are involved in each transformation. An equivalent set of spurions is obtained by replacing the dimensionful quantities $\documentclass[12pt]{minimal}
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                \begin{document}$$(\Delta ,\tilde{\Delta })$$\end{document}$ with dimensionless combinations $\documentclass[12pt]{minimal}
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                \begin{document}$$(X,\tilde{X})=(\Delta m^{-1},\tilde{\Delta }\tilde{m}^{-1\dagger })$$\end{document}$ transforming as$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} X&\rightarrow V_\ell X V_{L_L}^\dagger , \nonumber \\ \tilde{X}&\rightarrow V_{\tilde{e}} \tilde{X} V_{\tilde{E}_R}^\dagger . \end{aligned}$$\end{document}$$In such a case at the leading order (LO) SM charged lepton masses are generated by the operator$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \mathcal{O}^{(0)}_M=(\overline{\ell }_L \varphi ) X~ {Y^*_{R}}~ \tilde{X}^\dagger \tilde{e}_{R} , \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
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                \begin{document}$$\varphi $$\end{document}$ is the Higgs electroweak doublet.

It is well known that, if all the spurions $\documentclass[12pt]{minimal}
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                \begin{document}$$(m,\tilde{m})$$\end{document}$ are present at the same time and if the Yukawa couplings $\documentclass[12pt]{minimal}
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                \begin{document}$$({Y^{*}_L},{Y^*_{R}})$$\end{document}$ are anarchic, a severe bound on the new physics scale applies. Indeed in concrete models belonging to the general class we are considering, the one-loop exchange of Higgs and heavy fermions leads to the following electromagnetic dipole operator:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \frac{1}{16 \pi ^2}(\overline{\ell }_L \varphi )(\sigma \cdot F) X~ {Y^*_{R}}\tilde{m}^{-1} {Y^{*}_L}^\dagger m^{-1} {Y^*_{R}}~ \tilde{X}^\dagger \tilde{e}_{R}. \end{aligned}$$\end{document}$$If such a contribution is present, and the Yukawa couplings $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$({Y^{*}_L},{Y^*_{R}})$$\end{document}$ are assumed to be anarchic of $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathcal{O}(1)$$\end{document}$, then the electromagnetic dipole operator and the mass operator are not aligned in flavour space and the heavy fermion scale is bounded to be heavier than about 30 TeV, to respect the bound on $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{BR}(\mu \rightarrow e \gamma )$$\end{document}$. One way to eliminate this dangerous contribution, while maintaining non-vanishing lepton masses, is to assume $\documentclass[12pt]{minimal}
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                \begin{document}$${Y^{*}_L}=0$$\end{document}$. We will come back to this assumption later in this section. For the moment we will adopt it as a working hypothesis. Our purpose is to analyse the flavour-violating contributions surviving in this limit and to estimate the corresponding bounds on the new physics scale.

At variance with MFV, spurions with the dimension of a mass are present in our setup and some additional prescriptions are needed:First of all we require that our operators are local in the spurions $\documentclass[12pt]{minimal}
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                \begin{document}$$(X,\tilde{X})$$\end{document}$. These are mixing parameters that are generically treated as small and provide one set of expansion parameters for our spurion analysis.We also assume that the operators are local in the Yukawa couplings $\documentclass[12pt]{minimal}
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                \begin{document}$${Y^*_{R}}$$\end{document}$, which we restrict in the range $\documentclass[12pt]{minimal}
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                \begin{document}$${Y^*_{R}}$$\end{document}$ occurs accompanied either by an Higgs electroweak doublet $\documentclass[12pt]{minimal}
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                \begin{document}$$\varphi $$\end{document}$ or by a factor $\documentclass[12pt]{minimal}
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                \begin{document}$$1/4 \pi $$\end{document}$.Masses of the composite sector are described by the spurions $\documentclass[12pt]{minimal}
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                \begin{document}$$(m,\tilde{m})$$\end{document}$ to which we add an additional parameter *M*, singlet under the flavour symmetry group, to describe masses of other composite particles, such as for instance a new set of vector boson resonances. These additional states are coupled to the Higgs doublet and to the heavy fermions with a strong coupling constant $\documentclass[12pt]{minimal}
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                \begin{document}$$1\le g_*\le 4\pi $$\end{document}$.In our operators masses will always appear in negative powers, to allow for decoupling of all the operators with the scale of new physics.With this set of assumptions, the LO operator describing charged lepton masses is still $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathcal{O}_M$$\end{document}$ in Eq. ([5](#Equ5){ref-type=""}). We stress that this operator provides the definition of the spurion $\documentclass[12pt]{minimal}
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Dipole operators {#Sec3}
----------------

The dipole operators in Eq. ([9](#Equ9){ref-type=""}) involve the lepton bilinear $\documentclass[12pt]{minimal}
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The first important outcome of our analysis is that there is a large set of potentially lepton flavour-violating combinations, beyond that of Eq. ([6](#Equ6){ref-type=""}). The actual appearance of these combinations in concrete models containing our set of spurions will depend on the specific dynamics of the model under consideration. We will discuss the phenomenological implications of the new structures for the Wilson coefficients $\documentclass[12pt]{minimal}
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Scalar operator {#Sec4}
---------------
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This operator, together with the mass operator of Eq. ([5](#Equ5){ref-type=""}), contributes to both masses and Yukawa couplings of charged leptons. If the Wilson coefficients are not exactly aligned in flavour space, we have flavour-violating decays of the Higgs. Even in the case where there is a perfect alignment among all Wilson coefficients, the overall strength of Yukawa couplings is altered compared to the case of the SM, where it is completely fixed by the fermion mass and by the electroweak VEV. We will discuss the impact of these modifications in Sect. [3](#Sec8){ref-type="sec"}.

Vector operators {#Sec5}
----------------
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                \begin{document}$$N_Y=0$$\end{document}$, since the vector operators are bilinear in the Higgs doublets and this requires at least two powers of the Yukawa couplings. We have$$\documentclass[12pt]{minimal}
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Contact operators {#Sec6}
-----------------
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Since we are interested in the scenario where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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Model-independent bounds on the scale of new physics {#Sec8}
====================================================

Model-independent studies of LFV processes have already been done in the literature \[[@CR53]--[@CR55]\]. In this section we collect the bounds on the Wilson coefficients of the Lagrangian of Eq. ([8](#Equ8){ref-type=""}) and discuss their impact on our spurion analysis. The main bounds on the coefficients of the dipole operators $\documentclass[12pt]{minimal}
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In IFV no LFV is generated from the Wilson coefficients of the dipole and scalar operators with $\documentclass[12pt]{minimal}
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We are left with the coefficients that are quadrilinear in *X*, $\documentclass[12pt]{minimal}
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Two-site model {#Sec9}
==============

In the previous sections, we focussed on PC scenarios for charged leptons from a general perspective, exploiting a spurionic analysis. Now, instead, we consider a specific simplified composite Higgs model, the so-called two-site model \[[@CR37]\]. Its relevant features are:(i)The gauge group is $\documentclass[12pt]{minimal}
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From the above Lagrangian we can easily recognise the flavour symmetry group of Eq. ([1](#Equ1){ref-type=""}) and convince ourselves that promoting $\documentclass[12pt]{minimal}
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The Lagrangians of Eqs. ([60](#Equ60){ref-type=""})--([62](#Equ62){ref-type=""}) are expressed in the elementary/composite basis. For the bosons, in order to switch to the mass basis (before EWSB), we diagonalise the mass mixings in $\documentclass[12pt]{minimal}
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Using the rotations ([63](#Equ63){ref-type=""}) and ([65](#Equ65){ref-type=""}) one can recast the Lagrangian ([59](#Equ59){ref-type=""}) in terms of lepton mass eigenstates. Using an approximate expression for the rotation matrices $\documentclass[12pt]{minimal}
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                \begin{document}$$\ell _i \rightarrow \ell _j\gamma $$\end{document}$.The sixth line of Eq. ([66](#Equ66){ref-type=""}) refers to FC interactions among heavy gauge bosons, heavy and light leptons. Effects on low-energy observables are induced by the loop exchange of heavy gauge bosons and leptons. If the heavy leptons of different generations were degenerate, FCNC effects would vanish according to the GIM-mechanism. However, the GIM cancellation is broken by non-universal mass splittings of order $\documentclass[12pt]{minimal}
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Before discussing LFV in this model we comment on the issues of renormalizability, gauge-invariance and UV sensitivity. The two-site model is a non-renormalizable effective theory and therefore it is valid only up to energies of the order of an UV cut-off $\documentclass[12pt]{minimal}
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This explicit breaking raises the question of the reliability and consistency of our results. We can always promote our effective Lagrangian to a gauge-invariant theory by interpreting the sources of gauge symmetry breaking as spurions. Providing the spurions with suitable transformation properties under the gauge group we can recover the gauge invariance under the full local group $\documentclass[12pt]{minimal}
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                \begin{document}$$G^{{\text {el}}}\times G^{{\text {comp}}}$$\end{document}$. Once we treat the spurions as dynamical fields, this procedure defines a (non-unique) embedding of the effective theory in a possible UV completion. The spurions include two types of degrees of freedom: the would-be Goldstone bosons, eaten by the heavy gauge vector bosons of the composite sector through the Higgs mechanism, and physical scalars $\documentclass[12pt]{minimal}
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                \begin{document}$$\Phi _i$$\end{document}$. By working in the unitary gauge, which we adopt in our computations, a generic amplitude comprises two separate contributions: one coming only from the exchange of the physical polarisations of the gauge vector bosons and one including the exchange of some physical scalar degrees of freedom $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Phi _i$$\end{document}$. Clearly our computation retains only the first one, while the second is missing and makes our results sensitive to the details of the UV completion. If the masses of the extra scalars $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Phi _i$$\end{document}$ are close the cut-off scale $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Lambda _{\mathrm{UV}}$$\end{document}$, we expect that the contributions we are neglecting in our estimates of the Wilson coefficients are generically of order $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$(M/\Lambda _{\mathrm{UV}})^2$$\end{document}$ and/or $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$(m,\tilde{m}/\Lambda _{\mathrm{UV}})^2$$\end{document}$.

The embedding of the model in a UV completion also shows that it is not consistent to deal with the HF case, within the effective theory. Indeed to keep the masses of the elementary leptons non-vanishing in the HF limit, we have to consider at the same time large $\documentclass[12pt]{minimal}
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                \begin{document}$$G^{{\text {el}}}\times G^{{\text {comp}}}$$\end{document}$ and contribute to the masses of the heavy gauge vector bosons of the composite sector. Therefore, barring tuning of the parameters, we cannot make $\documentclass[12pt]{minimal}
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Lepton flavour violation in the two-site model {#Sec10}
==============================================

In this section we will present our results for the Wilson coefficients of the various LFV operators considered in Sect. [2](#Sec2){ref-type="sec"}, in the context of the two-site model introduced above. We work at the leading order in the loop expansion and we pay particular attention to the spurionic structure of the coefficients. Throughout this section we assume universal masses for the heavy leptons: $\documentclass[12pt]{minimal}
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                \begin{document}$$\ell _i\rightarrow \ell _j\gamma $$\end{document}$ with loop exchange of SM bosons *h*, *Z*, *W* and heavy fermions (*left*) and heavy gauge bosons and heavy fermions (*right*)

Dipole operators {#Sec11}
----------------

Dipole operators are among the most important operators in the leptonic sector as they generate LFV radiative decays such as $\documentclass[12pt]{minimal}
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                \begin{document}$$(g-2)$$\end{document}$s. We will consider the one-loop contribution to dipole operators in the two-site model, assuming the validity of the perturbative expansion. The result of our computation of the full one-loop contribution to the electromagnetic dipole operator is shown in Appendix B. Given the fact that the composite Higgs scenario is naturally characterised by a strongly interacting regime, the use of perturbation theory can be questioned. Here we will restrict ourselves to the portion of the parameter space that is compatible with perturbation theory. This allows us to consider moderately large coupling constants of the composite sector, with loop factors still providing a sizeable suppression. The same considerations apply to processes receiving non-vanishing contributions already at the tree level. Within the two-site model, dipole amplitudes receive leading contributions from the virtual exchange of (i) light SM bosons (*h*, *Z*, *W*) and heavy fermions and (ii) heavy gauge bosons and heavy fermions. Examples of diagrams for the above classes of contributions are shown in Fig. [1](#Fig1){ref-type="fig"}.Fig. 2NLO Feynman diagrams for $\documentclass[12pt]{minimal}
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                \begin{document}$$(N_Y, N_X)=(3,4)$$\end{document}$ with loop exchange of *h*, *Z*, *W* and heavy fermionsFig. 3NLO Feynman diagrams for $\documentclass[12pt]{minimal}
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In particular, summing over the *h*, *Z* and *W* amplitudes, we find that the dominant effects for class (i) are given by$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \frac{(C_{e\gamma })_{h+Z+W}}{\Lambda ^2}&= \frac{e}{64\pi ^2} \frac{1}{m \tilde{m}} X {Y^*_{R}}{Y^{*}_L}^\dagger {Y^*_{R}}\tilde{X}^\dagger , \end{aligned}$$\end{document}$$in agreement with the result of Refs. \[[@CR35], [@CR62]\]. As we can see, the amplitude of Eq. ([67](#Equ67){ref-type=""}) has precisely the same spurionic structure as the one of Eq. ([6](#Equ6){ref-type=""}). In particular, according to our spurionic classification of Sect. [2](#Sec2){ref-type="sec"}, it turns out that $\documentclass[12pt]{minimal}
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The leading effects for class (ii) start from the order $\documentclass[12pt]{minimal}
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From Eq. ([67](#Equ67){ref-type=""}) one can easily find that, in the anarchic scenario, the bound from $\documentclass[12pt]{minimal}
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Scalar operator {#Sec12}
---------------

The Yukawa interactions for charged leptons are modified after we integrate out at tree level the heavy fermions. Setting $\documentclass[12pt]{minimal}
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Vector operators {#Sec13}
----------------

The *Z* boson interactions with charged leptons are also modified after we integrate out at tree level the heavy fermions. In particular, we find thatwhere $\documentclass[12pt]{minimal}
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Contact operators {#Sec14}
-----------------

Contact operators induced by the exchange of heavy gauge bosons can be easily derived starting from the coefficients $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$(g_{SM}/g_*)^2$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$v^2/m^2(\tilde{m}^2)$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$X^2(\tilde{X}^2)$$\end{document}$ have been neglected.

Phenomenological analysis {#Sec15}
=========================

In this section, we evaluate the most relevant low-energy processes in the charged lepton sector in the context of the two-site model by making use of the Wilson coefficients derived in the previous section. One of the most interesting features of the two-site model is the absence of the Wilson coefficients $\documentclass[12pt]{minimal}
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Among the most interesting LFV channels are $\documentclass[12pt]{minimal}
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This is confirmed by our numerical results shown in Fig. [5](#Fig5){ref-type="fig"} where we have reported the predictions for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm{BR}(\mu \rightarrow e \gamma )$$\end{document}$ as a function of the heavy fermion mass *m*. In Fig. [5](#Fig5){ref-type="fig"}, as well as in all other plots, we have assumed anarchic $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${Y^*_{R}}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${Y^{*}_L}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$X=\tilde{X}$$\end{document}$ so that the relevant flavour mixing angles entering $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu \rightarrow e$$\end{document}$ transitions are $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$X_e/X_\mu =\tilde{X}_e/ \tilde{X}_\mu \sim \sqrt{m_e /m_\mu }$$\end{document}$. The lower (upper) red line in the left plot refers to the case where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${Y^*_{R}}={Y^{*}_L}=1$$\end{document}$ ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${Y^*_{R}}={Y^{*}_L}=2$$\end{document}$) while the lower (upper) black line corresponds to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${Y^{*}_L}=0$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${Y^*_{R}}=1$$\end{document}$ ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${Y^*_{R}}=2$$\end{document}$). The most prominent features emerging by this plot are: (i) in the case of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${Y^{*}_L}=0$$\end{document}$ ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${Y^{*}_L}\ne 0$$\end{document}$), the bound on $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu \rightarrow e\gamma $$\end{document}$ is satisfied for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m\ge 1~$$\end{document}$TeV ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m\ge 10~$$\end{document}$TeV), (ii) for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${Y^{*}_L}=0$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm{BR}(\mu \rightarrow e\gamma )\sim {Y^*_{R}}^8/m^8$$\end{document}$ while for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${Y^{*}_L}\ne 0$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm{BR}(\mu \rightarrow e\gamma )\sim {Y^{*}_L}^2{Y^*_{R}}^2/m^4$$\end{document}$ and this explains the different growth with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${Y^*_{R}},{Y^{*}_L}$$\end{document}$ and the decoupling properties with *m* of the various curves. In the right plot of Fig. [5](#Fig5){ref-type="fig"} we show the branching ratio of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu \rightarrow e\gamma $$\end{document}$ as a function of the heavy fermion mass *m* for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${Y^{*}_L}=0$$\end{document}$ and various values of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${Y^*_{R}}$$\end{document}$.Fig. 5Branching ratio of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu \rightarrow e\gamma $$\end{document}$ as a function of the heavy fermion mass *m*Fig. 6Electron EDM $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$d_e$$\end{document}$ as a function of the heavy fermion mass *m*Fig. 7Branching ratio of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu \rightarrow 3e$$\end{document}$ (*left*) and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu ^-Au\rightarrow e^-Au$$\end{document}$ (*right*) as a function of the heavy fermion mass *m*

A quite similar behaviour is expected for the electron EDM. Indeed, if $\documentclass[12pt]{minimal}
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An inspection of Eqs. ([97](#Equ97){ref-type=""}), ([98](#Equ98){ref-type=""}) and Table [11](#Tab11){ref-type="table"} shows that at present $\documentclass[12pt]{minimal}
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These expectations are fully confirmed numerically as shown by the right plot of Fig. [7](#Fig7){ref-type="fig"} where we report $\documentclass[12pt]{minimal}
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Conclusion {#Sec19}
==========

We have reanalysed the bounds on the compositeness scale derived from LFV and CP violation in the lepton sector, in the framework of PC. In the generic case of anarchic Yukawa couplings, such bounds are known to be quite severe, stronger than the analogous bounds from the quark sector and requiring a compositeness scale above 30 TeV. In this work we focussed on the case of vanishing neutrino masses and vanishing "wrong" Yukawa couplings, in the hope of minimising FCNC and CP-violating effects. We performed a general effective operator analysis, where the Wilson coefficients of the relevant dimension-six operators are determined by a flavour symmetry group and by a set of spurions. We have considered all lowest-dimensional operators leading to LFV violation and CP violation that can be constructed with the Higgs doublet and the SM leptons. We have formally expanded the Wilson coefficients in powers of the Yukawa couplings of the composite sector and in powers of the elementary--composite mixing terms. Our expansion includes, for the first time, terms quadrilinear in the elementary--composite mixing $\documentclass[12pt]{minimal}
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                \begin{document}$$(X,\tilde{X})$$\end{document}$. By exploiting the known limits on the Wilson coefficients we have shown that, even in the case of vanishing "wrong" Yukawa couplings, the anarchic scenario is not compatible with a compositeness scale of 1 TeV, barring accidental cancellations not incorporated in our general spurion analysis. We have also shown that there are schemes where a TeV scale can be accommodated, without necessarily reproducing the case of MFV. In the example we have provided this is achieved in a semi-perturbative regime, where the universal Yukawa coupling *y* of the composite sector is close to unity. In this respect it is interesting to note that while the bound on $\documentclass[12pt]{minimal}
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                \begin{document}$$\Lambda _{\mathrm{NP}}$$\end{document}$ below the TeV. This also shows the importance of keeping terms quadrilinear in the mixing in the expansion of the Wilson coefficients.

We have also derived the low-energy effective Lagrangian relevant to LFV and CP violation in the lepton sector in the two-site model, that includes heavy vector-like fermions as well as heavy spin-one particles. We focussed on the case $\documentclass[12pt]{minimal}
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                \begin{document}$${Y^{*}_L}\ne 0$$\end{document}$. In a perturbative analysis where we evaluated the relevant amplitudes at the LO, we found that the $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu \rightarrow e \gamma $$\end{document}$ transition is dominated by dimension eight operators, at variance with our spurion analysis where the most important contribution comes from operators of dimension six. As a result the best probes of our scenario are $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu \rightarrow e$$\end{document}$ conversion in nuclei and the electron EDM. Al least in that portion of the parameter space where perturbation theory is applicable, LFV allows a compositeness scale close to the TeV, even in the case of anarchic Yukawas. In this regime there are interesting relations among the various LFV transitions, which allow one to disentangle the model from other possibilities.

A Contact operators {#Sec20}
===================

In the following, we provide the full results for the coefficients $\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} C_{\bar{L} L}^{(B^*)}&= \frac{g_*}{2} \Bigg ( \tan (\theta _2)^2 - ( \tan (\theta _2)^2 +1) X X^\dagger \nonumber \\&\quad + ( \tan (\theta _2)^2 +1) X X^\dagger X X^\dagger \nonumber \\&\quad - \frac{1}{4} ( \tan (\theta _2)^2 +2) \frac{v^2}{\tilde{m}^2} X {Y^*_{R}}{Y^*_{R}}^\dagger X^\dagger +\text {h.c.}\nonumber \\&\quad - \frac{1}{2} ( \tan (\theta _2)^2 +1) \frac{v^2}{m \tilde{m}} X {Y^*_{R}}{Y^{*}_L}^\dagger X^\dagger + \text {h.c.}\Bigg ) , \end{aligned}$$\end{document}$$$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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B One-loop contributions to the dipole operator {#Sec21}
===============================================

In the following, all lepton fields are assumed to be in the mass basis. We introduce a compact notation to collectively denote such fields, using an upper case Latin index to distinguish among them:$$\documentclass[12pt]{minimal}
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                \begin{document}$$3\mathrm{x}3$$\end{document}$ matrices in flavour space.Fig. 9One-loop diagrams contributing to the dipole operator in our model. In diagrams (**1**) and (**2**) we have $\documentclass[12pt]{minimal}
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                \begin{document}$$B=1,2$$\end{document}$Fig. 10Feynman rules needed for the computations. Here $\documentclass[12pt]{minimal}
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                \begin{document}$$\Upsilon , \Lambda ^\rho _{L,R},\Sigma ^{(*)}_{L,R}$$\end{document}$ can be found in the appendix

In Fig. [9](#Fig9){ref-type="fig"} we see the different kinds of loop diagrams contributing to $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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We can now summarise the leading results for the different loop diagrams. In these expressions, terms of order $\documentclass[12pt]{minimal}
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Actually, it is possible to elude such conclusion in particular scenarios, where one of the two fermion chiralities has a large degree of compositeness. In these cases, the perturbative expansion in either *X* or $\documentclass[12pt]{minimal}
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If contact terms originate from dimension eight operators, the loop factor can be effectively replaced by $\documentclass[12pt]{minimal}
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